The actions of endothelin on the contractile and twitch configuration characteristics of rat and rabbit papillary muscles were evaluated before and after endocardial endothelium removal. In rabbit papillary muscles, endothelin produced a dose-dependent (10`-" to 10`M) increase in tension (T) (from 2.7±0.2 to 8.9±0.7 g/mm2, p<0.01), dT/dt, and Vmax (from 1.14±0.03 to 3.0±0.13 Lma.sec, p<0.01), a decrease in time to peak tension (from 251+9 to 216±7 msec, p <0.05), and an increase in time to half relaxation (from 168±9 to 293+14 msec, p <0.01). Increasing calcium concentration in the bath from 1.25 to 15 mM greatly attenuated these changes. In the presence of propranolol (10-`M), endothelin increased all indexes of contractility but to a lesser extent (T=2.6+0.3 to 6.5±0.2 g/mm2, p<0.01; Vm.=1.16+0A10 to 2.06±0.10 Lmaj/sec, p<0.01). Myocardial catecholamine depletion with reserpine had effects similar to those of propranolol. The myocardial contractile and twitch configuration characteristics of endothelin were similar to those of phenylephrine (10-4 M), a strong stimulator of the phosphatidylinositol pathway and a moderate ,B-adrenergic stimulator. The effects of phenylephrine and endothelin were modified in a similar manner by propranolol (10-`M). The presence of nicardipine (3 X 10`M) decreased the absolute increase in contractility caused by endothelin but did not alter the percent change or shift the dose-response curve of endothelin. The actions of endothelin in rat papillary muscles studied at physiological calcium concentrations (CaZ+=1.25 mM) were less marked than those of rabbit studied at physiological calcium (Ca 2 = 1.25 mM) but similar to those of rabbit studied at high calcium concentrations (Ca2' = 15 mM). Removing the endocardial endothelial layer of rabbit papillary muscles did not alter the absolute changes in contractility caused by endothelin but shifted the dose-response curve to the left and markedly altered the effects of endothelin on twitch configuration characteristics. Thus, it would appear that endothelin increases contractility and modifies twitch configuration. It does so more at lower rather than higher extracellular calcium concentrations and in a species, such as rabbit, that responds more to interventions that increase intracellular calcium. In addition to exerting its effects via direct stimulation of the myocardium, endothelin also appears to act by causing endogenous release of catecholamines. These effects of endothelin occur independent of dihydropyridine calcium channel receptors. Finally, endocardial endothelial removal substantially decreases the concentration at which endothelin has its myocardial effects and also substantially modifies the characteristics of these effects. (Circulation Research 1991;69:301-312) E ndothelin is a recently described peptide produced by endothelial cells. 
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Increasing calcium concentration in the bath from 1.25 to 15 mM greatly attenuated these changes. In the presence of propranolol (10-`M) , endothelin increased all indexes of contractility but to a lesser extent (T=2.6+0.3 to 6.5±0.2 g/mm2, p<0.01; Vm.=1.16+0A10 to 2.06±0.10 Lmaj/sec, p<0.01). Myocardial catecholamine depletion with reserpine had effects similar to those of propranolol. The myocardial contractile and twitch configuration characteristics of endothelin were similar to those of phenylephrine (10-4 M) , a strong stimulator of the phosphatidylinositol pathway and a moderate ,B-adrenergic stimulator. The effects of phenylephrine and endothelin were modified in a similar manner by propranolol (10-`M) . The presence of nicardipine (3 X 10`M) decreased the absolute increase in contractility caused by endothelin but did not alter the percent change or shift the dose-response curve of endothelin. The actions of endothelin in rat papillary muscles studied at physiological calcium concentrations (CaZ+=1.25 mM) were less marked than those of rabbit studied at physiological calcium (Ca 2 = 1.25 mM) but similar to those of rabbit studied at high calcium concentrations (Ca2' = 15 mM). Removing the endocardial endothelial layer of rabbit papillary muscles did not alter the absolute changes in contractility caused by endothelin but shifted the dose-response curve to the left and markedly altered the effects of endothelin on twitch configuration characteristics. Thus, it would appear that endothelin increases contractility and modifies twitch configuration. It does so more at lower rather than higher extracellular calcium concentrations and in a species, such as rabbit, that responds more to interventions that increase intracellular calcium. In addition to exerting its effects via direct stimulation of the myocardium, endothelin also appears to act by causing endogenous release of catecholamines. These effects of endothelin occur independent of dihydropyridine calcium channel receptors. Finally, endocardial endothelial removal substantially decreases the concentration at which endothelin has its myocardial effects and also substantially modifies the characteristics of these effects. (Circulation Research 1991;69:301-312) E ndothelin is a recently described peptide produced by endothelial cells.12 It is an extremely potent vasoconstrictor and has been shown to have positive inotropic effects on myocardium.3-8 It has been reported to interact with various neurohumoral systems either centrally or peripheral-an endothelin-induced increase in phosphatidylinositol has been proposed as the major mechanism by which endothelin exerts its effects.8,13-16 A recent study17 suggests that both mechanisms probably play a significant role. The effects of endothelin have been shown to be independent of f3-adrenergic, a-adrenergic, H1-histaminergic, serotonergic, cyclooxygenase, or lysooxygenase mechanisms. 1, 2 In vivo studies of the cardiovascular actions of endothelin have generally shown endothelin to transiently increase cardiac output and to increase systemic blood pressure and systemic vascular resistance.2,9,18,19 At this time, six in vitro studies examining the effects of endothelin on myocardial papillary muscle contractile characteristics have been published. [3] [4] [5] [6] [7] [8] In these studies, the origin of the muscle (atrial versus ventricular), the species (rat, guinea pig, ferret, rabbit, or human), and the conditions of study (temperature, calcium concentration, and with or without /8-adrenergic blockers) have varied. These studies found endothelin to increase developed tension, to have a more marked effect on atrial as opposed to ventricular tissue, and to have no effect on twitch configuration characteristics. If, as some suggest, the major action of endothelin is via phosphatidylinositol turnover, one may wonder why, in the above-mentioned studies, endothelin had no effect on twitch configuration. Perhaps this was the result of species differences, differences in experimental protocol, or in some cases, poor performance of the muscles studied.
Recently, Brutsaert20 has demonstrated that important interactions occur between the endothelial layer covering the endocardium (endocardial endothelium) and myocardium. Brutsaert et a121 have demonstrated that endocardial endothelium modifies some parameters of contractility and twitch configuration. They have also found that endocardial endothelium modifies the effects of various neurohormones22 and platelet factors23 on myocardial contraction. In a study by Stewart and Baffour,24 vascular endothelium was found to modify the effects of endothelin on the coronary vascular resistance of isolated rabbit hearts. In the presence of functional vascular endothelium, endothelin was a weak vasoconstrictor. Once the endothelium was damaged or its ability to release vasodilator substances was reduced, endothelin became a powerful vasoconstrictor. Because vascular endothelium and endocardial endothelium are derived from the same tissue,20 it is not unreasonable to speculate that endocardial endothelium removal may modify the effects of endothelin on myocardial contraction.
In this study, the effects of endothelin on the contractile and twitch configuration characteristics of papillary muscles from two species, one (rabbit) that responds markedly to interventions that increase intracellular calcium concentrations and one (rat) that does not, were evaluated. In addition, the effects of removing the endothelial layer covering papillary muscles on endothelin-induced changes in contractility were studied. We found that endothelin had marked inotropic effects and caused important modifications in twitch configuration. These effects were more marked at lower extracellular calcium concentrations and in a species (rabbit) that responds more to interventions that change intracellular calcium concentrations. In addition to exerting its effects via direct stimulation of the myocardium, endothelin also appears to act by causing endogenous release of catecholamines. These effects of endothelin occur independent of dihydropyridine calcium channel receptors. Finally, endocardial endothelial removal modified the myocardial contractile actions of endothelin and decreased the concentration at which it exerted its myocardial effects.
Materials and Methods One hundred sixteen rabbits of either sex weighing 2.5 ±0.3 kg were used in the study. The rabbits were anesthetized with pentobarbital (25 mg/kg) injected via an ear vein. The chest was opened, the heart was excised, the right ventricle was opened, and a right ventricular papillary muscle was excised. The papillary muscle was then mounted in a bath with KrebsHenseleit solution containing (mM) NaCl 118, KCl 3.5, MgSO4 2.43, CaCl2 1.25, KH2PO4 1.2, NaHCO3 24.9, and dextrose 5.0. The bath was kept at a temperature of 29°C unless otherwise specified (35°C) and bubbled with 95% 02-5% CO2 gas at pH 7.4. The base of the muscle was held by a stainless steel clamp, and the other end was tied to a lever identical to that described in detail by Brutsaert et al. 25 The muscles were stimulated at 10% above threshold at 12 stimuli/min with a Model S-88 stimulator (Grass Instrument Co., Quincy, Mass.) through platinum field electrodes. The preload was adjusted so that the muscle length was at Lm.,. The muscles were stabilized at Lma., for 2 hours, and then an isometric contraction and an isotonic contraction were recorded at a speed of 100 mm/sec on a Model 2400 s recorder (Gould Inc., Cleveland, Ohio). After the elastic damping of the force-length-velocity lever feedback system was adjusted to compensate for electromechanical transients,25 the maximum velocity of unloaded muscle shortening (Vm,,) was obtained by abruptly decreasing the load on the muscle at the time of activation (zero load clamp). The output of the amplifier of the Gould 2400 s recorder was connected to an electronic differentiator and both of these were fed into an analog-to-digital converter (model DT 2821-F-801, Data Translation Inc., Marlborough, Mass.), which in turn was connected to a COMPAQ 286 microcomputer. Analysis of forcelength characteristics was performed by custom-made software running under MS-DOS. The muscle cross section was measured by assuming a cylindrical shape to the muscles and dividing muscle weight by length. The average cross section of rabbit papillary muscles studied at 29°C was 0.6+0.02 mm2. Those Increasing the extracellular calcium concentration had a similar effect whether it was in a phosphatecontaining or phosphate-free solution. A phenylephrine dose-response curve with and without propranolol was also done at 15 mM Ca2`and compared with that of endothelin.
Effect of Calcium Antagonists
To further evaluate the relation between endothelin, L-type voltage-dependent channels, and dihydropyridine calcium entry blockers, the effects of nicardipine (3 x 10`M) on the endothelin dose-response curve were evaluated.
Effect of Temperature
To evaluate the effects of endothelin at a more physiological temperature, an endothelin dose-response curve with and without propranolol (10-5 M) was obtained for papillary muscles at 35°C. To minimize the risk of core ischemia only muscles with cross sections <0.5 mm2 were chosen for this part of the study.
Influence on the Endocardial Endothelium
To test whether the layer of endothelial cells covering the endocardium altered the effects of endothelin on myocardial contraction and twitch characteristics, an endothelin dose-response curve was done for rabbit papillary muscles with and without the endothelial layer of the endocardium. The endothelial layer of the endocardium was removed by immersing the rabbit papillary muscle in 1% Triton X-100 dissolved in Krebs-Henseleit solution at 29°C for 1 second and then washing abundantly. 21 This technique has been shown to destroy the endothelial layer of the endocardium without damaging myocardial cells. 21 Reduced bovine hemoglobin has been shown to inhibit the action of EDRF-like substances without causing damage or interfering with other endothelial functions.26 It has been found to increase the sensitivity of vascular smooth muscle to endothelin,24 presumably by suppressing the action of EDRF-like substances produced by vascular endothelium. To assess whether an EDRF-like substance led to the changes in endothelin-induced twitch characteristics found when the endothelial layer of the endocardium was removed, an endothelin dose-response curve was done with reduced bovine hemoglobin (5x 10-5 M) added to the bath in a third group of muscles. Bovine hemoglobin was reduced with a 10 M excess of sodium dithionate and then dialyzed for 1 hour in 10 vol distilled water under continuous nitrogen gassing. 26 In rabbit myocardium, endothelin caused a progressive increase in the various indexes of contractility: developed tension, maximum rate of tension development (+dT/dt), fractional shortening, and maximum velocity of unloaded muscle shortening (Vmax) starting at 3x10-10 M endothelin concentration (Figures 1 and 2 , Table 1 ). Maximum rate of tension decline (-dT/dt) and of muscle lengthening (-dL/dt) also increased starting at 3x10`10 M. Endothelin had important effects on twitch characteristics with time to peak tension (TTPT) and time to peak shortening (TTPS) both decreasing and time to half tension decline (RT/2) and time to half muscle lengthening (RL1/2) both increasing progressively starting at 10-9 M.
The addition of propranolol to the bath attenuated the increase in the various indexes of contractility caused by endothelin ( Figure 2 , Table 1 ) and caused TTPT and TTPS to increase instead of decrease ( Figure 3 , Table 1 ). These findings suggest that at least part of the myocardial effects of endothelin are mediated by /3-adrenergic receptor stimulation. Myocardium from the reserpine-treated rabbits was nearly totally depleted of norepinephrine (46±11 ng/g protein for controls versus 0.23±0.06 ng/g protein for reserpine-treated) and responded to endothelin in a manner similar to, albeit less marked than, that of ,B-blocked myocardium (Figures 2 and 3) . Surprisingly, /3-blockade with propranolol and catecholamine depletion with reserpine did not cause a further prolongation of RT1/2 ( Figure 3 ). These data nevertheless suggest that the /3-adrenergic-like effects of endothelin are due to endogenous release of catecholamines. The addition of prazosin to the bath had no effect on contractile or twitch characteristics, suggesting that a-receptor stimulation by endothelin or endothelin-mediated release of endogenous catecholamines is unimportant.
The effects of the strong a-adrenergic receptor agonist and moderate /3-adrenergic receptor agonist, phenylephrine, on myocardial contraction, relaxation, and twitch characteristics were similar to those of endothelin (Table 1 ). The addition of propranolol had similar effects on the contractile and twitch configuration characteristics of phenylephrine and endothelin. Increasing extracellular calcium with and without propranolol also had similar effects on the contractile and twitch configuration characteristics of phenylephrine and endothelin (Table 2 ). Species Differences Figure 1 illustrates the important differences between the effects of endothelin on myocardium from rabbits, a species whose myocardium responds markedly to interventions that increase cytosolic calcium contractility and twitch configuration characteristics were similar to those in the rat ( Table 2) .
Effect of Dihydropyridine Calcium Entry Blocker
The addition of nicardipine to the bath decreased all indexes of contractility significantly (Table 3) . It did not, however, cause a shift in the dose-response curve to endothelin (Figure 4 ).
Effect of Temperature
Increasing the temperature of the bath to 35°C had little effect on the changes in contractility caused by endothelin as compared with 29°C ( Figure 5) (Figure 5 ).
Influence of the Endocardial Endothelium
Removal of the endocardial endothelium caused similar changes to those described by Brutsaert et a12' in cat papillary muscles ( Table 4 ). The various indexes of contractility decreased slightly, and twitch configuration was shortened. Removal of the endocardial endothelium caused significant alterations in the endothelin dose-response curve ( Figure 6 ). Although it did not modify the absolute increase in the various indexes of contractility, removal of the endocardial endothelium caused a leftward shift of the dose-response curve. With the removal of the endothelial layer, the effects of endothelin on twitch configuration were modified with changes in TTPT and TTPS becoming biphasic, initially increasing then decreasing, a markedly different effect from the control situation in which increasing doses of endothelin caused TTPT and TTPS to decrease progressively. The addition of reduced bovine hemoglobin to the bath had no effect on contractile or twitch configuration characteristics, nor did it affect the endothelin dose-response curve in any way. study. In either case, it appears that any P-adrenergic effect caused by endothelin is expressed more in the contraction rather than the relaxation phase. Finally, because the addition of the a-adrenergic blocker prazosin to the bath had no measurable influence on the effects of endothelin, it would appear that the a-adrenergic effects of endothelin-induced endogenous catecholamine release are negligible. All previous studies of the inotropic and contractile effects of endothelin on myocardium reported increased contractility but no change in twitch configuration.3-8 The differences between previous studies and this study may be the result of differences in species, tissue origin, or experimental conditions. Indeed, our results and those of Moravec et a17 in rats are compatible, endothelin having much less effect on twitch configuration in this species. Judging from our results with rabbit papillary muscles studied at higher calcium concentrations, this lack of effect may be a reflection of myocardium working at nearsaturating calcium concentrations. The relatively minor effects of endothelin in ferret and human myocardium may also at least partially be due to a lesser +propranolol Values are mean±SEM. Peak endothelin effect is 10-7 M. Base, baseline; +dT/dt, maximum rate of tension development; -dT/dt, maximum rate of tension decline; TIPT, time to peak tension; RTY2, time to half tension decline; Vm., maximum velocity of unloaded muscle shortening; +dL/dt, maximum rate of fractional shortening; -dL'dt, maximum rate of muscle lengthening; TM'PS, time to peak shortening. *p<0.01, tp<0.05 vs. baseline. *True free-calcium concentration.
response of myocardium of these species to interventions increasing intracellular calcium concentrations and the higher extracellular calcium concentrations at which they were studied (2.54 mM).5,7,34 Alterna However, we tested whether hemoglobin, which inhibits EDRF action, altered the contractile effects of endothelin. EDRF secretion is thought to be one of the mechanisms by which vascular endothelium modulates the effects of endothelin on vascular smooth muscle. 24 We found that hemoglobin did not modify the inotropic effects of endothelin in any way.
Physiological and Pathophysiological Implications
From these studies it would appear that myocardial contractility is not only modulated by local mechanical and neurohumoral factors but may also be modulated by the secretion of local vasoactive peptides. Whether the myocardial inotropic actions 
